Introduction
Polymerization of deoxyhemoglobin S is fundamental to each ofthe clinical manifestations of sickle cell anemia (1, 2) . Because of the profound influence of the concentration of hemoglobin (Hb)' S on both the kinetics (3) and extent (4) of polymerization, factors that influence the intraerythrocytic concentration of Hb S are likely to determine, at least in part, the widely variable clinical expression (5) ofsickle cell disease. Among these factors, a-thalassemia is of particular interest because of its high prevalence in the Black population (6) . We have previously reported that the concurrence of a-thalassemia with homozygous sickle cell anemia results in decreased intraerythrocytic concentration of Hb S in mature erythrocytes (RBC) and in less severe hemolytic anemia (7) . This effect has been confirmed by others (8) and is apparently related to a decreased amount of Hb S polymer found within these sickle RBC (9) . The longer life expectancy reported for this group of patients (10) suggests that the cumulative pathophysiology of sickle cell disease is directly related to the degree of polymerization. However, certain complications of sickle cell disease appear to be unimproved (8) or even more severe (1 1, 12) in the presence of higher Hb levels and a-thalassemia. Thus, factors other than the general degree of polymerization appear to be involved in determining the clinical variability of sickle cell disease.
In these further studies of concurrent a-thalassemia and sickle cell anemia, we have evaluated the effect of a-globin gene number on certain pathologic properties of sickle RBC that are determinants of hemolysis and rheology: the irreversibly sickled cell (ISC) number; the proportion of very dense RBC; and the deformability of sickle RBC (13) (14) (15) (16) (17) (18) . We have also characterized the primary mechanism by which a-globin gene number affects these pathologic properties of sickle RBC. The results are reported herein.
Methods
Hematologic data. Complete blood counts and erythrocyte indices were performed on the Coulter model S (Coulter Electronics, Inc., Hialeah, FL), hemoglobin solubility testing by using a commercial assay' (Sickle Sol, DADE Division, American Hospital Supply Corp., Miami, FL) , and hemoglobin electrophoresis on alkaline cellulose acetate and on acid citrate agar (19) . The diagnosis ofsickle cell anemia was confirmed by family studies, when possible.
Determination ofa-globin genotype. The a-globin genotypes characteristic of the normal nonthalassemic (aa/aa), silent carrier (-a/aa), or a-thalassemia trait (-a/-a) conditions in the Black population (6) were determined by Southern blot hybridization restriction endonuclease mapping (20) of genomic DNA extracted from peripheral blood leukocytes. The hybridization probe was the a-globin gene-specific plasmid JW 101 (21) that was labeled with 32p (22) .
One subject with microcytosis had replete iron stores and lacked diagnostic evidence of sickle-f3-thalassemia. We suspected the deletion of two a-globin genes despite normal gene mapping results. The presence of a-thalassemia trait was shown by using Triton X-urea-polyacrylamide electrophoresis oflabeled globin chains (23) followed by autofluorography and densitometric tracing to determine that the a:non-a synthetic ratio was 0.57. The presence ofheterozygous a-thal-1 (--/aa) was confirmed by using blot hybridization restriction mapping (20) of DNA 5' to the a-loci to detect c-specific fragments characteristic of an a-thal-1 deletion (24) . ISC counting. The ISC number was determined as the percentage of elongated (length > 2 X width) or angularly contoured RBC among 500 RBC examined by phase-contrast microscopy after the cells were well-oxygenated for 30 min and fixed in 3% gluteraldehyde-0.05 M phosphate buffer, pH 7.4 (25). Samples containing sharply spiculated RBC, which were presumed to be reversibly sickled and thus inadequately oxygenated, were excluded from analysis. To minimize subjective variation in this value, all counts were performed by a single experienced observer (Dr. M. Clark) .
"Dense" cell determination. The proportion of "dense" RBC was established by cyanmethemoglobin determination (19) To assess the direct effect of a-globin gene number on the RBC density in the absence of the abnormal water and cation fluxes inherent with sickle RBC (28, 29) , we performed density gradient analysis on RBC from representative subjects homozygous for Hb A who have differing numbers of a-globin genes. In these studies, we used elevenstep analytic Stractan gradients of which the densities spanned from 1.106 to 1.060 g/ml in equal increments above a cushion with a density of 1.120 g/ml.
Effect ofa-globin gene number vs. RBC density on RBC deformability.
To determine whether the effect of a-globin gene number on sickle RBC deformability could be explained completely on the basis of its effect on RBC density and MCHC, we compared the deformabilities of equal density subpopulations of RBC from sickle subjects with four, three, and two a-globin genes with the deformabilities of the total RBC from the same subjects. The equal density subpopulations were obtained by using three-step preparative Stractan gradients (densities 1.097, 1.092, and 1.087 g/ml) to isolate the RBC fractions trapped between the two least dense Stractan layers. For these analyses, we used osmotic gradient ektacytometry, in which the RBC deformability is determined while the RBC are exposed to a linear osmolality gradient (30) . Statistical methods. Data were analyzed by Fisher's least significant difference test (31) . Certain of the data was displayed by using boxplots (32) in which the box contains the middle 50% of the data (the interquartile range), the asterisk within the box indicates the median of the data, and the rest of the data points, except for outliers, reside within the two crosses. An outlier represented by an open circle is any data point that is further than one interquartile distance from the extremities of the box; an outlier represented by an asterisk is any data point that is further than 1.5 times the interquartile distance from the extremities of the box.
Results
Effect of a-globin gene number on ISC counts. The nonthalassemic group ofsickle cell anemia subjects had significantly (P < 0.05) larger fractions of ISC than the combined groups with three and two a-globin genes (Fig. 1 ). This finding is in agreement with the data of Higgs et al. (8) and is compatible with previous reports of more severe anemia in the nonthalassemic group (7, 8) and with the known association between ISC numbers and severity of anemia (14) .
Effect of a-globin gene number on proportion of "dense" sickle RBC. The nonthalassemic group of subjects had significantly (P < 0.05) larger proportions of "dense" RBC than either of the groups with a-thalassemia (Fig. 2) ; this finding is again compatible with previous reports on the severity of anemia (7, 8) and with the close correlation between ISC numbers and proportion of dense RBC (25) .
Effect ofa-globin gene number on sickle RBC deformability. Assessment of deformability of RBC in isotonic medium (290 mosM) revealed that sickle RBC from nonthalassemic subjects had significantly (P < 0.05) lower percent DI than those from subjects of either group with a-globin gene deletion, and that sickle RBC in general had significantly lower percent DI than normal control RBC (Fig. 3) .
When cellular uptake of water was induced osmotically by suspending sickle RBC in 210-mosM medium, deformability of RBC from each subject was improved over that measured at isotonicity, and RBC from the nonthalassemic subjects remained significantly (P < 0.05) less deformable than RBC from either group with a-thalassemia (Fig. 3) With further osmotic hydration of sickle RBC at 150 mosM, the RBC from the nonthalassemic subjects still remained significantly (P < 0.01) less deformable than those from either group of subjects with a-thalassemia; yet, RBC from all subjects had markedly decreased percent DI compared with their deformability at 210 and 290 mosM (Fig. 3) . This reduced deformability reflected cellular overhydration and resembled the effect of overhydration on control RBC (Fig. 3) . At Fig. 4 , and the percentage of RBC in each gradient fraction is shown in Fig. 5 . These data again demonstrate a direct relationship between the proportion of most dense sickle RBC and the a-globin gene number, i.e., the presence offour a-globin genes is associated with more very dense RBC than is the presence of three or two genes. The finding of increased numbers ofdense Fig. 4 (Fig. 6 ). This effect was of lesser magnitude per gene than that seen in sickle RBC, and the difference between the density distributions of the subjects with four and three a-globin genes was so subtle as to be barely discernible in Fig. 6 . Even in the absence of the severe cation fluxes (34) Effect of a-globin gene number vs. RBC density on RBC deformability. We used blood from the same sickle and control subjects that we had used for the density gradient experiment summarized in Fig. 4 to measure RBC deformability as a continuous function of osmolality (Fig. 7) . Fig. 7 A shows that the DI values for total RBC at 290 mosM were inversely related to a-globin gene number (as previously observed for DI measurements at fixed osmolality, Fig. 3 ) and that over virtually the entire osmotic range, the DI values of sickle RBC retained this inverse relationship to a-globin gene number. While these three subjects exhibited clear differences in their a-globin gene numberdependent RBC deformability, subjects with more similar ISC counts had less different DI curves (data not shown). The curves of all three sickle subjects were substantially shifted to lower OSMOLALITY (mosM) Figure 7 . Effects of a-globin gene number and of RBC density on RBC deformability. The curves represent the DI determined while the osmolality of the medium in which RBC were suspended was changed over the linear gradient shown below. Isotonicity is indicated by the vertical cross-hatched bars.
The osmotic gradient deformability curves are represented by dot dash lines ( * -) for the control RBC, dotted lines ( * *) for sickle RBC from the subject with two a-globin genes, dashed lines (---) for sickle RBC from the subject with three a-globin genes, and solid lines (-) for sickle RBC from the subject with four a-globin genes. (A) contains the osmotic gradient deformability curves for the total RBC from these subjects. (B) contains the deformability curves for RBC fractions with the d 1.087-1.092 g/ml that were isolated from these subjects. osmolality compared with the normal curve; this is a finding that we have previously shown to indicate RBC dehydration (30) . Fig. 7 B shows the osmotic gradient deformability curves for RBC subpopulations of the same density isolated on preparative Stractan gradients from the same blood samples. These RBC were taken from the interface between the layers with densities of 1.087 and 1.092 g/ml, and thus, had the same density and MCHC (33.0 g/dl±0.8 SD). Independent of a-globin gene number, the three sickle samples demonstrated almost identical deformability over the entire osmotic range. However, these curves were also shifted to lower osmolality compared with the control curve, despite all four samples having the same RBC density and MCHC. The hypotonic portion ofthis shift indicates a decreased osmotic fragility of the sickle RBC due to an increased surface area-to-volume ratio. The fact that the sickle DI curves reached a higher maximum value than the normal curve suggests that part of the increased osmotic resistance of sickle RBC is attributable to an increase in surface area (30) , possibly as a result of diminished RBC membrane remodeling in sickle subjects who are asplenic or functionally asplenic (35) . The leftward shift ofthe descending hypertonic arm ofthe sickle curves demonstrated dehydration-dependent decreased RBC deformability which may be related to increased intracellular viscosity, to polymerization of Hb S, or to Hb-mediated membrane damage. Whatever the mechanism, the uniformity of the DI curves for sickle RBC of the same density, as conttasted with the substantial differences of the curves for the total sickle RBC samples, clarifies one point; the primary effect of a-globin gene number on the deformability of total sickle RBC populations is to determine the RBC density distribution rather than to modulate the deformability of sickle RBC that have the same density.
Discussion
We have found that a-thalassemia has a salutary effect on the ISC number, the proportion of "dense" RBC, and the deformability of sickle RBC; this is a set of interrelated variables, each of which is predicted to relate to the clinical severity of sickle cell disease. Our results indicate that the primary effect of athalassemia on these RBC properties is to regulate the fraction of RBC that achieves a high cell density, which are a fraction of cells known to contain the ISC (13) and to be the least deformable (17) . We base this conclusion mainly on the differences in the deformabilities of the total RBC populations (Fig. 7 A) and of the RBC fractions of equal density (Fig. 7 B) from representative sickle subjects with different numbers of aglobin genes. These differences of deformability demonstrate that the greater rigidity of sickle RBC from nonthalassemic subjects is not related to a lesser degree of deformability of RBC of the same density, but to a greater fraction of RBC of high density, as demonstrated also in Figs. 2, 4 (34) ; these processes together apparently result in the significant differences in sickle RBC density and deformability that we observed.
Among the suggested determinants of the variable clinical severity of sickle cell anemia, the ISC has been the most extensively studied. This cell, traditionally defined as a sickle RBC whose elongated shape does not revert to normal upon oxygenation (36) , also has been characterized in several other ways. It has lost cations and water (27, 28, 29, 34) to become among the most dense sickle RBC (13) . It also is among the fraction of sickle RBC that are the least deformable (17) , have the lowest content of Hb F (13) , contain the highest levels of calcium (37, 38) , and have the greatest Hb S polymer content at any given oxygen tension (39). Isolation of the membrane skeleton of ISC has revealed that it retains the irreversibly sickled shape of the intact cell, suggesting a permanent membrane skeletal defect (40) . Once generated, the ISC is destined to an early demise (13) . Our data suggest that the mechanism by which a-thalassemia retards the development of these pathologic properties is related to the powerful deterrent effect that lowering the intracellular Hb S concentration has on Hb S polymerization (3, 4) and to the resultant retardation of the sickle-unsickle process on which the loss of cations and water (35) , the increased cell density, and the generation of ISC (41) may depend.
We previously reported that the presence of a-thalassemia results in higher Hb F levels in subjects with homozygous sickle cell anemia (7), but studies of larger numbers of patients were unable to confirm this association (8) . It is unlikely that this trend in Hb F levels among our patients is responsible for our current findings, despite the beneficial effects of Hb F in sickle cell disease (42) . Although we report only three subjects with two a-globin genes, one of these has only modest elevations in Hb F levels and yet is clearly among those with the fewest ISC and dense RBC and the best RBC deformability.
Despite these associations, we (data not shown) and others (8) have not found all aspects of clinical severity to correlate directly with the a-globin gene number. This suggests that confounding influences on clinical severity are not affected by the presence of a-thalassemia and its beneficial effect on Hb S polymerization. One of these variables which relates to the different rheologic determinants of blood flow within blood vessels of different size, in fact, appears to be adversely affected by the presence of a-thalassemia. It is axiomatic that painful crises result from microvascular occlusion caused by sickling, but the actual size of the vessels involved remains undefined. While individual RBC rigidity affects primarily capillary blood flow (16) , whole blood viscosity, which is directly related to the hematocrit level (17) , is the major determinant of large vessel flow (43) . The findings that cerebral thromboses in sickle patients are associated with large vessel occlusion (44) , and that aseptic necrosis occurs more commonly in subjects with microcytosis and higher hemoglobin levels (12) , suggest that in sickle cell disease vaso-occlusion is not limited to the microcirculation.
Thus, the elevated hematocrit associated with a-thalassemia may be detrimental to rheology in vessels of larger size and this may partially counter the beneficial effects on individual RBC deformability.
The effects that a-thalassemia may exert on a set of sickle RBC membrane phenomena which may affect vaso-occlusive severity are less predictable. Sickle RBC have increased susceptibility to oxidation of membrane phospholipids (45) , a finding that may relate to the sickling-dependent translocation of phosphatidylserine and phosphatidylethanolamine from the inner to the outer membrane leaflet (46) and to the thromboplastic activity (47) and cell membrane-liposome interaction (48) generated by this translocation. The similarities that exist between the adherence of sickle RBC to liposomes (48) and to endothelial cells (49, 50) suggest that the severity of vaso-occlusion, which correlates with endothelial adherence (51), may also be related to the membrane lesions enumerated above.
It is even conceivable that enhanced damage to the sickle RBC membranes may occur as a result of the fundamental defect of a-thalassemia, the imbalanced globin chain synthesis due to diminished a-chain production (1, 52) . The oxidative radicals that result in peroxidation of membrane lipids appear to be generated by hemichrome (or heme), which is adherent to the interior of sickle RBC membranes (53) . Of the various globin chains, the fl-globin chain with the sickle mutation ( (3) is among those with a high affinity for the membrane interior (54) . Thus, the excess, unpaired ,3 chains within sickle RBC from subjects with a-thalassemia might result in larger amounts of globin and heme binding to the membrane interior, enhancement of membrane lipid peroxidation, and perhaps even promotion of RBC adherence. Alternatively, these membrane phenomena may be confounding influences of severity that are unaffected by Hb S polymerization and a-thalassemia. 
